Single-stranded telomeric DNA protrusions are considered to be evolutionarily conserved structural elements essential for chromosome end protection. Their formation at telomeres replicated by the leading strand mechanism is thought to involve poorly understood post-replicative processing of blunt ends. Unexpectedly, we found that angiosperm plants contain blunt-ended and short (1-to 3-nucleotide) G-overhang-containing telomeres that are stably retained in post-mitotic tissues, revealing a novel mechanism of chromosome end protection. The integrity of blunt-ended telomeres depends on the Ku70/80 heterodimer but not on another telomere capping protein, STN1. Curiously, Ku-depleted telomeres are fully functional. They are resected by exonuclease 1, promoting intrachromatid recombination, which may facilitate formation of an alternative capping structure. These data challenge the view that telomeres require ssDNA protrusions for forming a functional capping structure and demonstrate flexibility in solutions to the chromosome end protection problem.
Telomeres form specialized chromatin that protects natural chromosome ends from being recognized and processed as DNA double-strand breaks (DSBs). Furthermore, a unique mode of telomere replication that involves telomerase, a reverse transcriptase that adds telomeric repeats to 39 chromosome ends, counteracts the end replication problem and prevents chromosome erosion. Telomeres are evolutionarily highly conserved, and one of their key structural hallmarks is single-stranded 39 DNA protrusions (G-overhangs) that range, depending on the species, from 16 to ;200 nucleotides (nt). G-overhangs are important for telomere maintenance by acting as a primer for telomerase (Lingner and Cech 1996) . They are also thought to be required for chromosome end protection by either serving as a substrate for specific DNA-binding protein complexes or forming secondary DNA structures such as t-loops (Horvath et al. 1998; Griffith et al. 1999; Baumann and Cech 2001; Gao et al. 2007; Raices et al. 2008) . Thus, G-overhangs are considered to be essential functional elements of telomeres.
Although the primary function of telomeres is to inhibit DNA repair, the post-replicative activation of DNA damage responses appears to be a prerequisite for telomere cap assembly (Verdun et al. 2005; Verdun and Karlseder 2006) .
The emerging models suggest that temporal recognition of newly replicated chromosome ends by DNA damage checkpoint and repair factors may facilitate telomerase recruitment, G-overhang formation, and t-loop assembly (Gilson and Geli 2007; Verdun and Karlseder 2007; Bianchi and Shore 2008) . It is assumed that all telomeres in a cell are functionally and structurally identical. However, the processes that lead to the formation of telomere caps at opposite ends of the same chromosome likely differ. The inherent polarity of DNA strand synthesis postulates that one end of a chromosome is a product of leading strand replication, whereas the opposite end is synthesized by the lagging strand replication mechanism. While removal of the RNA primer from the most terminal Okazaki fragment results in a 39 G-overhang at the chromosome end replicated by the lagging strand mechanism, synthesis of the telomeric C-rich strand by the leading strand mechanism is expected to produce a blunt end (Lingner et al. 1995) . Telomeres replicated by the leading mechanism are thought to undergo nucleolytic processing to generate 39 G-overhangs at both chromosome ends. At least three lines of evidence support this model. First, G-overhangs were detected at the majority of telomeres in yeast and humans (Wellinger et al. 1996; Makarov et al. 1997; Chai et al. 2006a ). Second, G-overhang formation in Saccharomyces cerevisiae and mammals is partially dependent on Mre11 and Apollo nucleases (Larrivee et al. 2004; Chai et al. 2006b; Bonetti et al. 2009; Lam et al. 2010; Wu et al. 2010) , and, finally, these nucleases appear to be important for protecting telomeres synthesized by the leading strand mechanism (Deng et al. 2009; Faure et al. 2010; Lam et al. 2010; Wu et al. 2010 ). However, post-replicative processes that govern the resection of telomeres and formation of a functional cap are still elusive, partially due to the transient nature of these events and the technical challenges associated with detailed structural analysis of chromosome ends.
Here we describe several methods that we developed for detailed and quantitative analysis of the terminal structure of telomeric DNA. We discovered that a substantial portion of telomeres in Arabidopsis thaliana does not undergo nucleolytic resection and remains bluntended. The presence of stable blunt-ended telomeres in plant post-replicative tissues demonstrates the existence of a novel mechanism of chromosome end protection that does not rely on single-stranded G-overhangs. We further show that inactivation of the conserved DNA repair factor Ku leads to resection of blunt-ended telomeres by exonuclease 1, which in turn promotes intrachromatid recombination. This may facilitate stabilization of the resected chromosome ends through t-loop formation and to some extent recapitulate events that occur during post-replicative processing of leading strand telomeres in humans and other organisms that do not retain blunt-ended telomeres.
Results

A portion of Arabidopsis telomeres lacks ssDNA protrusions and is blunt-ended
Our experiments using the primer extension nick translation (PENT) protocol indicated that only a portion of telomeres in the angiosperm plants Silene latifolia and A. thaliana is amenable to the PENT reaction, contradicting the view that G-overhangs are uniformly present at all telomeres (Supplemental Fig. S1 ; Riha et al. 2000) . The refractory PENT reaction signal could be derived from telomeres with no G-overhangs or from intrachromosomal telomeric sequences that are particularly abundant in the Arabidopsis genome. To distinguish these possibilities, we modified the assay by incorporating dUTP in the nascent telomeric C strand synthesized by PENT (Fig. 1A ). Subsequent treatment with uracil DNA glycosylase (UDG) converts uracils into abasic sites that render DNA strands fragile under alkaline conditions. Hence, separation of terminal restriction fragments (TRFs) from intrachromosomal telomeric DNA by alkaline gel electrophoresis should lead to preferential degradation of C strands at telomeres with a G-overhang. Indeed, dUTP-PENT with Arabidopsis DNA resulted in a decline of the TRF signal, which was suppressed by the pretreatment of the DNA with a nuclease that specifically degrades G-overhangs (Fig. 1B,C) . Interestingly, ;40%-50% of telomeres appear to be refractory to the PENT reaction and were detected as intact TRFs after alkaline electrophoresis. This signal diminishes when 39 single-stranded protrusions are generated at all DNA ends by T7 gene 6 exonuclease ( Fig. 1D) , demonstrating that the dUTP-PENT-resistant telomeres do not provide a binding site sufficient for primer annealing.
Such telomeres may represent unprocessed chromosome ends replicated by the leading strand mechanism that are expected to carry blunt ends (Ohki et al. 2001) . We assayed for the presence of telomeric blunt ends by ligating a hairpin that covalently links both C-rich and G-rich complementary strands, thereby shifting the electrophoretic mobility of TRFs to double-sized fragments under denaturing conditions ( Fig. 2A) . Arabidopsis TRFs generated by AluI range from 2 to 5 kb, and hairpin ligation indeed slowed the mobility of a fraction of the TRFs to 5-10 kb (Fig. 2B) . Ligation products were sensitive to cleavage of the hairpin with BamHI, demonstrating that the mobility shift is caused by a covalent linkage of complementary strands at some telomeres. A series of control experiments demonstrated that the hairpin specifically ligates to blunt ends and not to telomeres with G-overhangs (Supplemental Fig. S2 ). Furthermore, we verified that ligation occurs at natural chromosome ends and not in telomere internal sites that may arise from rare DSBs or t-loop resolution events (Supplemental Fig. S3 ). To estimate the fraction of telomeres with blunt ends, we quantified the proportion of TRFs in the ligation-dependent shift and divided it by the efficiency of the hairpin ligation, which was determined for each reaction individually by using an internal control (Fig. 2C ). This quantification showed that ;11% of telomeres terminate with a blunt end. Considering that approximately half of the telomeres have G-overhangs detectable by dUTP-PENT, we next asked whether the remaining fraction of telomeres contains ssDNA protrusions too short for efficient primer annealing. To assay for such structures, we performed hairpin ligations with mixtures of hairpins containing 1-, 2-, or 3-nt long 39 protrusions with sequences corresponding to all possible permutations of plant telomeric DNA. Ligation of these hairpins to Arabidopsis genomic DNA yielded a BamHI-sensitive shift similar to the one obtained with a blunt-ended hairpin (Fig. 2D) . In contrast, a hairpin with a single-nucleotide 59 protrusion produced no or only a barely detectable signal in the shift. The amount of signal in the shift after ligation of 1-to 3-nt hairpins is in the range of 3%-6%. Assuming that the ligation efficiency is similar to the ligation efficiency of the blunt-ended hairpin (;60%), telomeres with 1-to 3-nt G-overhangs may form up to 30% of all telomeres. This is consistent with the prediction that the dUTP-PENTresistant signal is derived from telomeres containing either no or 1-to 3-nt long G-overhangs.
From these data, we conclude that Arabidopsis contains at least two populations of telomeres. Approximately half of the telomeres have G-overhangs detectable by dUTP-PENT. In our previous study, we showed that PENT is still quantitative at 65°C, indicating that the minimum length of G-overhangs to provide a stable substrate for efficient primer annealing should be at least 15-20 nt (Riha et al. 2000) . The remaining telomeres appear to contain blunt ends or up to several-nucleotide long 39 protrusions. Formation of G-overhangs at both chromosome termini requires post-replicative processing of presumably blunt-ended telomeres synthesized by the leading strand replication. The DNA used in described experiments was extracted from adult plants that consist almost exclusively of post-mitotic nonproliferating cells. Nevertheless, we also detected telomeres with blunt ends in flowers and cell culture that contain a high proportion of rapidly proliferating cells (Fig. 2E) . The presence of blunt-ended telomeres in dividing as well as quiescent cells argues that the blunt ends do not represent temporary preprocessing intermediates, but rather mature fully functional chromosome ends. Interestingly, the bluntended telomeres appear to be present only in angiosperm plants, as they were detected in Arabidopsis, Silene, and maize but not in moss, yeasts, and humans (Supplemental Fig. S4 ).
STN1 affects sequence composition of blunt-ended telomeres
Our data demonstrate that Arabidopsis contains at least two fundamentally distinct populations of telomeres: Approximately half of the telomeres have long G-overhangs detectable by dUTP-PENT, while the remaining telomeres are blunt-or nearly blunt-ended. This may reflect different modes of replication of opposite chromosome ends by lagging and leading strand mechanisms. To gain support for this hypothesis, we investigated the telomere structure of STN1-deficient plants. STN1 is an evolutionarily conserved component of the CST complex that, in budding yeast, is required for chromosome end protection and telomere maintenance (Gao et al. 2007; GiraudPanis et al. 2010) . STN1 function at telomeres may be linked to the replication of lagging strand telomeres, as STN1 associates with and acts as a stimulatory factor of polymerase a (Grossi et al. 2004; Casteel et al. 2009 ). Inactivation of STN1 in Arabidopsis has been reported to result in telomere deprotection that is manifested by shorter heterogeneous telomeres, chromosome end-to-end fusions, and longer G-overhangs (Song et al. 2008) . Intriguingly, despite the increased amount of telomeric ssDNA, we found G-overhangs on only 52% of telomeres in stn1 mutants by dUTP-PENT (52.4% 6 12.4%; N = 9) (Fig. 3A) . In addition, telomeres with blunt ends were readily detected by the hairpin ligation assay in stn1 mutants (Fig. 3B ).
These data show that STN1 dysfunction affects only a subset of telomeres, presumably the ones that carry G-overhangs, while it is not required for the integrity of blunt-ended telomeres. A recent study with Xenopus egg extracts indicated that STN1 may be involved in the priming step during lagging strand replication (Nakaoka et al. 2012) . The 59 end of the telomeric strand synthesized by the lagging mechanism serves as a template for replication of telomeric 39 ends by the leading strand mechanism in the following S phase. Hence, we predicted that aberrant priming or processing of the lagging strand in the absence of STN1 may result in alteration of the terminal sequence of the blunt-ended telomeres. To test this scenario, we developed a methodology for assessing the frequency of telomeric permutations at the termini of blunt-ended telomeres ( Fig. 4A,B; Supplemental Fig. S5 ). This technique is based on adapter ligation-coupled PCR and quantitative analysis of PCR products by Illumina sequencing. We found that blunt-ended telomeres in wild type and tert (telomerase reverse transcriptase) mutants preferentially terminate with the -TTTAGGG-39 sequence (;45%) (Fig. 4C) ; such bias was not detected in a control reaction containing an equimolar mixture of seven bluntended plasmid constructs, each carrying a different permutation of plant telomeric DNA at its end ( Fig. 4C ; Supplemental Fig. S6) . Remarkably, the predominant terminal sequence was shifted to the -GTTTAGG-39 permutation in stn1 mutants (Fig. 4C) . These data support the model in which STN1 influences processing/maintenance of the 59 chromosome end synthesized by the lagging strand mechanism, which in the following replication cycle serves as a template for synthesis of the blunt-ended 39 chromosome end by the leading strand mechanism.
Integrity of blunt-ended telomeres requires Ku
Blunt ends and 1-to 3-nt short 39 protrusions do not allow t-loop formation and binding of specific ssDNA-binding complexes. Therefore, protection of such chromosome ends must be mediated by a novel mechanism that is different from the mechanisms used at telomeres with G-overhangs and may involve proteins capable of binding to blunt-ended DNA termini. A strong candidate with such activity is the evolutionarily conserved Ku complex that is involved in the early steps of nonhomologous endjoining (NHEJ) DNA repair. The Ku complex binds to broken DNA ends in a sequence-independent manner and stabilizes them by preventing excessive degradation prior to ligation (Lee et al. 1998; Mimitou and Symington 2010) . The Ku complex also plays a role at telomeres in a broad variety of organisms, where it protects chromosome ends from nucleolytic degradation and recombination (Gravel et al. 1998; Maringele and Lydall 2002; Celli et al. 2006; Wang et al. 2009 ).
In Arabidopsis, the Ku complex acts as a negative regulator of telomerase and protects chromosome termini from 59-to-39 resection and aberrant recombination (Riha and Shippen 2003; Zellinger et al. 2007 ). Because Ku-deficient plants have long telomeres difficult to resolve by alkaline electrophoresis, we tested the role of Ku at blunt-ended telomeres by analyzing Arabidopsis mutants deficient in Ku and tert. Although a characteristic mobility shift was observed after hairpin ligation in tert mutants, we failed to detect blunt ends in tert ku70 mutants (Fig. 5A) . Furthermore, by dUTP-PENT, we determined that the majority of tert ku telomeres possess G-overhangs, whereas these structures were detected on only ;43% and 49% of telomeres in wild-type and tert plants, respectively (Fig. 5B,C) . These data imply that, in the absence of Ku, blunt-ended telomeres are converted into 39 G-overhangs, likely through 59-to-39 nucleolytic resection.
These data established that Ku is important for the protection of blunt-ended telomeres, yet neither ku nor early-generation ku tert mutants exhibit any obvious hallmarks of telomere dysfunction, such as chromosome end-to-end fusions and growth retardation. This implies that telomeres that lose their blunt ends are still functional. We propose that their nucleolytic processing (and the Diagram illustrating the strategy to determine the terminal sequence permutation by adapter-guided PCR and deep sequencing. Genomic DNA was ligated with a blunt-ended hairpin containing an AluI restriction site. Primer extension from a ligated telomere opens the hairpin and creates an annealing site for a HP primer, whose 39 sequence is identical with the sequence within bulge of the hairpin. Ligated products were PCR-amplified from the telomeric (T 3 AG 3 ) 4 primer and HP primer. This experimental design minimizes the formation of PCR products from two ligated HP primers. A maximum of 20 cycles were performed to ensure that PCR amplification is exponential. PCR products were digested with AluI, ligated to adapters used for generating deep-sequencing libraries, and subjected to single-end sequencing. The deep-sequencing adapters include bar codes to allow sequencing of multiple samples in a single run. As we demonstrated that ligation of a blunt-ended hairpin primarily occurs at telomere ends (Supplemental Fig. S3) , the sequence at the adapter telomere junction represents natural chromosome termini. (B) Products obtained by PCR amplification of ligated products prior to the AluI digest. Ethidium bromidestained gel is shown in the top panel. (Bottom panel) The PCR products were then analyzed by Southern hybridization with a telomeric probe. The expected smear consisting of amplified telomeric DNA as verified by Southern hybridization was obtained only in the reaction containing genomic DNA, ligase, and hairpin. Reactions in which any of these components were omitted did not produce the smear, demonstrating the specificity of the amplification. (C) Frequency of telomeric sequence permutations at blunt-end chromosome termini. Error bars indicate SD from five wild-type and tert and three stn1 biological replicas. Error bars for the control plasmid constructs represent SD from three technical replicas (the same mixture was used as a template in three independent experiments).
action of telomerase in the case of ku mutants) generates G-overhangs, which may permit formation of a canonical capping structure. If STN1 acts in this ''G-overhang'' capping pathway, concomitant inactivation of both Ku and STN1 should have a synergistic effect on telomere protection. To test this prediction, we crossed plants heterozygous for the ku80 and stn1 mutations and examined mutant and control plants outsegregating from a single F1 parent (Supplemental Fig. S7A ). While the first outsegregating generation (G1) stn1 mutants have a wild-type appearance and low frequency of anaphase bridges ( Fig.  5D,E; Supplemental Fig. S7C,D) , telomere length progressively shortens, and G2 plants exhibit phenotypes consistent with massive telomere dysfunction (Supplemental Fig. S7B ). This observation indicates a role for STN1 in telomere maintenance. The G1 ku80 stn1 double mutants were slightly underrepresented in the F2 population and showed a high frequency of chromosome end-toend fusions and severe developmental defects (Fig. 5D,E) . Despite telomere dysfunction, telomeres in G1 ku80 stn1 mutants were longer than in G1 stn1 siblings, arguing that chromosome end capping, rather than telomere maintenance, is strongly affected (Fig. 5F ). These data support the idea that STN1 and Ku act in parallel end protection/ maintenance pathways and that the function of STN1 becomes more critical in the absence of Ku.
Exonuclease 1 resects Ku-depleted blunt-ended telomeres and promotes homologous recombination
To confirm the prediction that Ku-depleted telomeres are subject to nucleolytic resection, we aimed to identify the nuclease responsible for the degradation of telomeric blunt ends. In budding yeast, Ku-depleted telomeres are mainly resected by exonuclease 1 (Maringele and Lydall 2002) . Two Arabidopsis genes, At1g29630 (EXO1A) and At1g18090 (EXO1B), encode putative exonuclease 1 homologs (Supplemental Figs. S8, S9). As both genes carry the N-terminal RAD2 domain typical for exonuclease 1 and exhibit similar expression profiles, suggesting a functional redundancy, we created exo1a exo1b double mutants, referred to as exo1 mutants (Supplemental Fig. S9 ). Inactivation of Ku in Arabidopsis leads to an increased amount of telomeric ssDNA that can be detected by the in-gel hybridization technique (Fig. 6A) . The ssDNA signal was sensitive to treatment with a 39-to-59 exonuclease, demonstrating that it detects terminal G-overhangs. The G-overhang signal was significantly reduced in ku80 tert in comparison with ku80 mutants (Fig. 6A,B) , suggesting that uncoupling of the 39 G strand extension by telomerase from fill-in synthesis of the complementary C strand is partially responsible for the extended G-overhangs in Ku-deficient plants. The exo1 mutations further lessened the G-overhang signal in both ku80 and ku80 tert plants, demonstrating that, in Arabidopsis, Kudepleted telomeres are subject to 59-to-39 resection by EXO1 (Fig. 6A,B) . However, the amount of 39 singlestranded telomeric DNA in ku80 tert exo1 plants was still greater than in tert mutants, indicating that other nucleases act on telomeres in the absence of Ku. This notion was supported by the observation that ku80 tert exo1 mutants did not regain telomeric blunt ends as would be expected if telomeric resection was completely abolished (Supplemental Fig. S10 ). Nevertheless, 
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inactivation of EXO1 in ku80 tert plants re-established dUTP-PENT-resistant telomeres (Fig. 6C,D) . We interpret these data to mean that resection of blunt-ended telomeres is reduced in exo1 mutants to an extent that does not permit their efficient detection by dUTP-PENT.
Inactivation of Ku in Arabidopsis is accompanied by increased excision of extrachromosomal telomeric DNA circles (t-circles) (Zellinger et al. 2007) . This is likely a consequence of increased intrachromosomal recombination initiated by invasion of a G-overhang into internal arrays of a telomere. To test whether diminished chromosome end resection affects telomeric recombination, we measured the impact of exo1 mutation on the t-circle excision. We used the t-circle amplification assay (TCA), which uses highly processive u29 polymerase that can generate ssDNA products in the range of 100 kb from circular templates via rolling circle replication (Zellinger et al. 2007 ). While TCA in ku80 mutants yielded a strong t-circle signal, inactivation of EXO1 led to, on average, an ;10-fold reduction of the signal in comparison with EXO1-proficient plants (relative abundance 1.00 6 0.33 in ku80 vs. 0.10 6 0.03 in ku80 exo1; N = 4) (Fig. 6E) . This supports the idea that nucleolytic resection of 59 chromosome ends promotes telomere recombination. Interestingly, the absence of EXO1 led to only an approximately twofold reduction of the t-circle signal in ku80 tert mutants (relative abundance 1.00 6 0.43 in ku80 tert vs. 0.48 6 0.25 in ku80 tert exo1; N = 4) (Fig. 6E) . This observation suggests that telomerase has a further inhibitory effect on telomeric recombination.
In conclusion, our data show that, in the absence of Ku, Arabidopsis blunt-ended telomeres are resected by EXO1 and other nucleases, which in turn promote intrachromatid recombination and t-circle excision.
Discussion
The prevailing assumptions in the telomere field have been that all telomeres within an organism are identical and that ssDNA protrusions are critical for their function. These paradigms are essentially based on two chromosome end-capping models, which postulate that chromosome termini are either sequestered in a t-loop or protected by oligonucleotide-binding (OB)-fold proteins with binding specificity to single-stranded telomeric DNA. In this study, we challenge these assumptions by demonstrating that Arabidopsis contains at least two distinct populations of telomeres terminating with either a long 39 G-overhang or a blunt end. The presence of stable bluntended telomeres represents a new paradigm by defining a fundamentally novel mechanism of chromosome end protection that is independent of ssDNA protrusions. We also detected telomeres that possess a few-nucleotide long 39 G-overhangs. These single-stranded protrusions are unlikely to form stable t-loops or provide a sufficient binding site for telomeric OB-fold proteins (Pot1; CST complex) (Mitton-Fry et al. 2002; Lei et al. 2004; Loayza et al. 2004) , and hence we consider these telomeres to be mechanistically related to the blunt-ended telomeres.
The coexistence of two types of structurally distinct telomeres terminating with either 39 G-rich or 59 C-rich protrusions have recently been reported in Caenorhabditis elegans and in mammalian cells that maintain telomeres by ALT (Raices et al. 2008; Oganesian and Karlseder 2011) . While the 59 C-rich overhangs were suggested to stem from telomeric recombination (Oganesian and Karlseder 2011) , this mechanism does not seem to be involved in forming the blunt-ended telomeres in plants. First, telomeric recombination occurs only very rarely in wild-type Arabidopsis (Watson et al. 2005; Watson and Shippen 2007; Zellinger et al. 2007 ). Second, we show that telomeres carrying blunt ends have the same length distribution as remaining telomeres and hence are not subject to rapid telomere deletion or lengthening as expected from a recombination event. The most likely explanation for the origin of blunt-ended telomeres is that they represent unprocessed chromosome ends produced by the leading strand replication (Ohki et al. 2001 ). This would also imply that the majority of plant telomeres replicated by the leading strand mechanism are not extended by telomerase, which requires a 39 overhang as a substrate (Lingner and Cech 1996) . In most organisms, such telomeres are resected by nucleases to produce ssDNA protrusions (Larrivee et al. 2004; Chai et al. 2006b; Bonetti et al. 2009; Lam et al. 2010; Wu et al. 2010 ). This step is apparently important for full telomere replication in human cancer cells, where the majority of leading telomeres are extended by telomerase (Zhao et al. 2009 ). Interestingly, inactivation of Ku in Arabidopsis leads to telomerase-dependent telomere elongation (Riha and Shippen 2003) , which may be a consequence of deregulated telomerase activity on the resected leading telomeres (Fig. 7) .
However, this resection step must be tightly regulated to prevent excessive DNA degradation that would be followed by homologous recombination or activation of a strong DNA damage response. We propose that the evolutionarily conserved function of Ku on telomeres is to control the C-strand resection in a manner further influenced by species-specific factors such as the availability of nucleases or the composition of telomeric chromatin. Resection is almost completely inhibited in angiosperm plants, resulting in telomeres with no or only a few-nucleotide long G-overhangs. Studies in budding yeast demonstrated that Ku physically associates with and protects chromosome termini in nondividing cells (Bonetti et al. 2010; Vodenicharov et al. 2010 ) and that telomeric function requires direct loading of Ku onto DNA through a circular channel in its structure (Lopez et al. 2011; Pfingsten et al. 2012) . Blunt-ended telomeres generated by the leading strand replication are perfect substrates for Ku loading, which may be occluded after resection by proteins that bind to ssDNA (Faure et al. 2010) . We suggest that in plants, Ku loads onto and remains associated with blunt-ended telomeres, forming a physical cap that protects chromosome termini from nucleolytic degradation (Fig. 7) . Inactivation of Ku is accompanied by derepression of homologous recombination (Zellinger et al. 2007 ), which we demonstrate is promoted by EXO1-mediated 59 chromosome end resection. Interestingly, the 1-to 3-nt protrusions detected in Ku-proficient plants are not dependent on EXO1 and MRE11 (data not shown). This indicates that Ku specifically inhibits the access of nucleases that normally promote homologous recombination (Mimitou and Symington 2008; Zhu et al. 2008 ) but still allows limited resection by other nucleases.
We further show that EXO1 promotes excision of telomeric circles in ku mutants, which is one of the first pieces In the absence of Ku, the telomeric blunt end is resected by EXO1 and other nucleases involved in homologous recombination. The resulting 39 G-overhang can be extended by telomerase followed by fill-in synthesis of the complementary C strand that may require the CST complex. Alternatively, the 39 G-overhang may invade the duplex telomere, forming a t-loop. While this process may stabilize the majority of chromosome ends in Arabidopsis ku mutants, some t-loops undergo resolution, giving rise to extrachromosomal t-circles.
of evidence demonstrating the role of EXO1-mediated resection in homologous recombination outside of yeast. However, despite the fact that G-overhangs are longer in ku mutants than in ku tert mutants, EXO1 activity appears to be more critical for recombination in telomerase-positive plants than in ku tert mutants. These data indicate that telomerase directly inhibits telomeric recombination and corroborate earlier findings in budding and fission yeast, where reactivation of telomerase suppresses the recombination-based mechanism of telomere maintenance (Teng and Zakian 1999; Subramanian et al. 2008) . We propose that G-overhangs arising from resection of Arabidopsis blunt-ended telomeres can either undergo strand invasion and homologous recombination or serve as a substrate for telomerase (Fig. 7) . Telomerase binding to a G-overhang may physically block efficient recruitment of recombinases and/or strand invasion. This notion is supported by the observations that telomere recombination or resection in Schizosaccharomyces pombe and Candida albicans, respectively, can be inhibited by catalytically inactive telomerase (Hsu et al. 2007; Subramanian et al. 2008 ).
Although we detected blunt-ended telomeres only in angiosperm plants, our understanding of DNA replication predicts that they arise immediately after DNA replication at one end of every chromosome, while the other end acquires a G-overhang. It appears that in the majority of organisms, the leading strand telomeres are more accessible to nucleases and form sufficiently long G-overhangs (Chai et al. 2006a ). However, recent data in human cells show that the leading telomeres form G-overhangs only 1 h after replication, implying that a G-overhang-independent mechanism of chromosome end protection operates, at least temporarily, in humans as well (Chow et al. 2012) . Several lines of evidence suggest that the protective function at leading telomeres is mediated by Ku. First, Kudepleted human cells suffer from a massive loss of telomeric DNA via intrachromatid recombination (Wang et al. 2009 ). Second, data in mice show that DNA-PKcs, a mammalian kinase that associates with the Ku complex, is specifically involved in protecting leading telomeres from chromosome end-to-end fusions (Bailey et al. 2001) . Finally, the notion that Ku acts in protecting blunt-ended telomeres is further corroborated by in vitro experiments with reconstituted human telomeres that showed an inhibitory effect of Ku-and telomere-binding proteins TRF2/RAP1 in DNA end joining (Bae and Baumann 2007; Bombarde et al. 2010 ).
In conclusion, our work demonstrates that telomeric blunt ends are stable in plant post-mitotic tissues and that their integrity relies on the Ku heterodimer. This challenges the view that telomeres require ssDNA protrusions for forming a functional capping structure and demonstrates flexibility in solutions to the chromosome end protection problem.
Materials and methods
Plant material
The following A. thaliana mutant lines were used in this study: ku70-1 (Riha et al. 2002) , ku80-1 (T-DNA insertion line JF46-4) (Friesner and Britt 2003) , tert (Fitzgerald et al. 1999) ; exo1a-1 (T-DNA insertion line GABI_146B05), exo1b-1 (SALK_062208), and stn1-1 (SALK_023505) (Song et al. 2008) . The primers used for PCR genotyping are listed in Supplemental Table S1 . Plants were grown at 22°C with 16 h/8 h light/dark periods, and whole 4-to 6-wk-old plants were usually harvested for DNA extraction.
DNA extraction
The plant tissue (1-5 g) was ground in liquid nitrogen and transferred to 30 mL of precooled DNA extraction buffer (63.77 g/L sorbitol, 100 mM Tris-HCl at pH 7.5, 5 mM EDTA at pH 8.0). Nuclei were pelleted by centrifugation and resuspended in 1.25 mL of DNA extraction buffer. The nuclei were lysed by adding 1.75 mL of nuclei lysis buffer (200 mM Tris-HCl at pH 8.0, 50 mM EDTA at pH 8.0, 2 M NaCl, 2% [w/v] cetyltrimethylammonium bromide) and 0.7% sarcosyl in the presence of 82 mg/mL RNase A. Samples were mixed and incubated for 25 min at 65°C. DNA was extracted with chloroform:isoamyl alcohol (24:1) and precipitated with isopropanol. DNA was then extracted twice with phenol:chloroform:isoamyl alcohol (50:49:1), precipitated with isopropanol, and resuspended in TE.
dUTP-PENT
Primer extension was carried out with 9 U of DNA polymerase I (Promega) in 100 mL of 13 DNA polymerase buffer (Promega) supplemented with dATP (750 mM), dCTP (750 mM), dTTP (600 mM), dUTP (150 mM), 0.1 mM primer (59-CCCTAAACCC TAAA-39), and ;0.5 mg of genomic DNA for 16 h at 25°C. DNA was ethanol-precipitated and resuspended in 40 mL of dH 2 O. Samples were split in half and digested with 20 U of AluI (Fermentas) in 13 Tango buffer (Fermentas) for 6 h at 37°C. UDG treatment was carried out by adding 5 mL of 53 UDG buffer (New England Biolabs), 19 mL of H 2 O, and 2 U of UDG (New England Biolabs) to the restriction reaction and by incubating the mixture for an additional 2 h at 37°C. DNA was separated by alkaline electrophoresis and analyzed by Southern hybridization with a [g-32 P]ATP 59-end-labeled (TTTAGGG) 4 probe. Pretreatment of genomic DNA with the T7 gene 6 nuclease was carried out in 15 mL of the NEB4 buffer (New England Biolabs) with 3 U of T7 gene 6 exonuclease (New England Biolabs) for 5 min at 37°C. The reaction was stopped by adding 1 mL of 0.5 M EDTA. Exonuclease 1 treatment was performed as described previously (Riha et al. 2000) . The radioactive signal was captured on Kodak screens, scanned by FX PhosphorImager (Bio-Rad), and quantified with Quantity One software (Bio-Rad). The proportion of telomeres lacking a G-overhang was calculated as the ratio of TRF signals between UDG-treated and nontreated reactions that were normalized to the signal from intrachromosomal telomeric DNA.
Hairpin ligation assay
The hairpin was prepared by heating the blunt-HP oligonucleotide (59-P-GGATCCGACTTTTGTCGGATCC-39; Sigma) in 10 mM concentration for 5 min at 99°C and cooling it down to 25°C. The ligation was carried out for 16 h at 16°C by T4 ligase (10 Weiss units) in 25 mL of 13 T4 ligase buffer (Fermentas) containing 1.6 mM hairpin and 1 mg of genomic DNA. T4 ligase was heat-inactivated (20 min at 65°C), and DNA was digested with AluI (Fermentas). Alkaline gel electrophoresis with 0.8% agarose gels was used to separate ligated products at 1.2 V cm À1 for 16-18 h. The separated DNA was analyzed by Southern hybridization with the (TTTAGGG) 4 probe. For assessing the efficiency of hairpin ligation, 2 ng of EcoRV-linearized plasmid pCR2.1cycB12 (4.5 kb) was mixed with 2 mg of Arabidopsis genomic DNA. After hairpin ligation, the reaction was split in two. One-half of the reaction was digested with AluI and analyzed by Southern hybridization with the (TTTAGGG) 4 probe. The other half of the reaction was digested with XbaI to remove any hairpin ligated to one end of the plasmid and analyzed by Southern hybridization with the plasmid-specific probe.
In-gel assay and TCA
The TCA was performed according to Zellinger et al. (2007) . Ingel hybridization was performed as described by Heacock et al. (2007) .
TRF analysis and cytology
TRF analysis was performed according to Riha et al. (2002) . Mitotic spreads were prepared from Arabidopsis floral buds according to Riha et al. (2001) .
Analysis of sequence permutations at telomeric blunt ends
Genomic DNA (1 mg) was ligated with the blunt hairpin 3 (Supplemental Table S1 ) at 16°C, followed by heat inactivation. The samples were digested with 20 U of Tru1I (Fermentas) overnight at 65°C, ethanol-precipitated, and dissolved in 25 mL of TE. Five microliters of the reaction was used as template for 20 cycles of PCR amplification in 13 GoTaq buffer (Promega) supplemented with 0.5 mM dNTPs, 1.25 mM (T 3 AG 3 ) 4 and hairpin-specific HP 3 primers, and 2.5 U of GoTaq (Promega) in a volume of 50 mL. PCR products were ethanol-precipitated, digested with AluI, and purified with Nucleospin columns (Macherey-Nagel). The samples were eluted in 30 mL of supplied elution buffer. Four-hundred nanograms of eluted DNA was sequenced by single-end read technology (36 nt) with the Genome Analyzer IIx (Illumina). A multiplexing system using bar-coded adapter primers was used, which allowed the analysis of eight different samples in one sequencing lane. The obtained sequencing reads-on average, 477.000 per sample-were analyzed by the custom-made program ''TELOMERATOR'' (Supplemental Fig. S5 ).
